Abstract Despite surgery and radiotherapy, as many as 50 % of children with ependymomas will suffer from tumor recurrences that will ultimately lead to death. Our group's initial peptide-based glioma vaccine targeting EphA2, IL13Ra2, and Survivin, which are overexpressed in pediatric gliomas, has shown promise in its initial phase of testing. We therefore investigated whether EphA2, IL-13Ra2, Survivin, and, additionally, Wilms' Tumor 1 (WT1), are overexpressed in pediatric ependymomas to determine if a similar immunotherapy approach could be applicable. Immunohistochemistry was performed using antibodies specific for EphA2, IL-13Ra2, Survivin, and WT1 on paraffin-embedded specimens from 19 pediatric and 13 adult ependymomas. Normal brain and ependyma were used for background staining controls. Negative staining was defined as no staining or staining equaling the background intensity in normal brain tissues. In the 19 pediatric cases, 18 (95 %) demonstrated positive staining for EphA2, 16 (84 %) for IL13Ra2, 18 (95 %) for Survivin, and only 7 (37 %) for WT1. Only 3 of 19 cases were positive for two or fewer tumorassociated antigens (TAAs); 16 of 19 cases were positive for three or more TAAs. In the 13 adult cases, all 13 demonstrated positive staining for EphA2, IL-13Ra2, and Survivin. Only 2 of 13 cases (15 %) demonstrated positive staining for WT1. All adult specimens were positive for three or more TAAs. Some ependymomas showed patchy variability in intensity. Pediatric and adult ependymomas frequently express EphA2, IL-13Ra2, and Survivin. This provides the basis for the utilization of an established multiple peptide vaccine for ependymoma in a clinical trial setting.
Introduction
Ependymomas are the third most common primary brain tumor in children [1] . Despite standard treatment including surgery and radiotherapy, as many as 50 % of children with ependymomas will suffer from tumor recurrences that will ultimately lead to death [2] . The World Health Organization (WHO) classifies ependymomas as grade II or grade III (anaplastic ependymoma), although certain distinct subtypes are classified as grade I (subependymomas and myxopapillary ependymomas) [3] . Ependymomas usually occur in the spinal cord in adults, whereas childhood ependymomas are most commonly infratentorial. Those that are infratentorial or anaplastic may show an increased tendency to metastasize along the neuroaxis [4, 5] . Considering the high rate of overall recurrence and the cumulative morbidity of sequential surgical and conventional adjuvant therapy approaches, new treatment modalities are urgently needed.
Vaccine strategies may be good candidates for treating or preventing recurrences for ependymomas. It is known that tumor-associated immunity plays a crucial role in ependymomas with non-recurrent phenotypes, as demonstrated by their specific immune-related gene expression [6] . Longlasting immunity elicited by T cell based vaccination strategies may lower the rate of recurrence. Our group's peptide-based vaccine for pediatric gliomas has shown promise in initial pilot studies with objective responses as well as prolonged stable disease seen in a number of patients within this treatment cohort [7] . Our pilot trial for pediatric glioma utilized subcutaneous vaccinations with peptides for EphA2, IL-13Ra2, and Survivin epitopes emulsified in Montanide-ISA-51 given every 3 weeks for eight courses along with intramuscular injections of poly-ICLC in HLA-A2? children [7] . The different strata included newly diagnosed brainstem gliomas, cerebral high-grade gliomas, or recurrent gliomas. Primary endpoints were safety and T cell responses against vaccinetargeted tumor-associated antigens (TAAs), assessed by ELISPOT and tetramer analysis. Treatment response was evaluated clinically and by MR imaging. The use of synthetic peptides encoding HLA-A2-restricted T cell epitopes for tumor-associated antigens [TAAs, referred to as gliomaassociated antigens (GAAs) in the context of the glioma vaccine study] avoids the need for autologous fresh tumor tissues to generate the vaccine and provides readily available therapy for patients. In light of the initial success of our existing glioma vaccine targeting three TAAs, namely EphA2, IL-13Ra2, and Survivin, we questioned whether this vaccine strategy could be applicable for ependymomas.
We examined whether EphA2, IL-13Ra2, Survivin, and additionally, Wilms' Tumor 1 (WT1), are overexpressed in ependymomas of various grades in both pediatric and adult cases. If indeed pediatric ependymomas express one or more of these antigens, then it would stand to reason that our existing peptide-based vaccine might benefit these patients as well. We also examined the expression of Human Leukocyte Antigen (HLA) Class I to investigate whether this important molecule for antigen-presentation is intact in ependymoma.
Methods

Tissues
Archival formalin-fixed, paraffin-embedded ependymomas obtained at the time of tumor biopsy or resection were used for this study under approval by the Institutional Review Board at University of Pittsburgh (IRB #PRO07010097). Normal, non-neoplastic brain sections were obtained for negative control from the Brain Tumor Bank, Division of Neuropathology at the University of Pittsburgh. A case of glioblastoma positive for EphA2, IL-13Ra2, Survivin, and WT1 was used as positive control. We also examined normal ependyma for expression of the selected TAAs.
Antibodies
The following primary antibodies were used at indicated dilutions: anti-human EphA2 monoclonal antibody (1:100; H-77, rabbit polyclonal IgG, Santa Cruz), anti-human IL13Ra2 polyclonal antibody (1:1000, Mouse monoclonal, Abcam), anti-human Survivin polyclonal antibody (1:200, FL-142, rabbit polyclonal, Santa Cruz Biotechnology) and WT1 Protein monoclonal antibody (1:100, 6F-H2, mouse monoclonal, Dako), and HCA2 (1 lg/mL) which recognizes a determinant expressed on b2m-free HLA-A (excluding HLA-A24), HLA-B7301 and HLA-G heavy chains. [8, 9] The secondary antibody was either the peroxidase-conjugated mouse or rabbit Envision system (Dako). Concentrations of the primary antibodies were optimized to minimize background staining in normal brain tissues.
Immunohistochemistry
Paraffin-embedded tissue sections were deparaffinized in xylene and rehydrated in a series of ethanol/phosphatebuffered saline (PBS) washes. Antigen retrieval was performed with modified citrate solution (Dako) in a pressure cooker for 20 min. Endogenous peroxidase was blocked by incubation in 3.0 % hydrogen peroxide (Dako) in PBS, and the nonspecific binding of antibodies was blocked by incubation in serum-free blocking solution (Dako) for 30 min. The slides were incubated with each of the antigen-specific antibodies at the aforementioned concentrations overnight at 4°C. After washing, slides were then incubated with corresponding Dako Envision secondary antibody for 30 min at room temperature. Peroxidase labeling was visualized using diaminobenzidine (Dako). The sections were lightly counterstained with Gill's hematoxylin. The sections were then reviewed by JY and RH.
If disagreement occurred regarding staining intensity, the two reviewers achieved a final consensus after discussion. For TAA expression, negative (0) staining was defined as no staining or staining equaling the background intensity in normal brain tissues; moderate (1) staining was defined by definite staining above background intensity in the tumor; strong (2) staining was defined by intense immunoreactivity. Both moderate and strong staining are considered to be positive for TAA overexpression. When patchy/partial staining was present, the intensity representative of more than 50 % of the tumor cells was used. For WT1, endothelial cells were used as a positive internal control [10] . Results for HLA Class I staining were classified according to a modified version of the criteria established by the HLA and Cancer component of the 12th International Histocompatibility Workshop [11] . Lesions were scored as negative (0), when the percentage of stained tumor cells in a specimen was 0 %, 1 when the percentage of positive staining ranged up to 10 %, and 2 when the staining percentage was [10 %, respectively. We considered grades 1 and 2 immunoreactivity as positive staining. Medulloblastoma, which is known to have down-regulated HLA Class I, was used as negative control for HLA Class I [12] .
Results
Patient characteristics
Nineteen pediatric (8 female and 11 male) and 13 adult (5 female and 8 male) ependymomas were evaluated. The median age of the pediatric cases was 7 years [range 7 weeks-14 years] and 52 years [range 36-87 years] for the adult cases. In the pediatric series, there were three myxopapillary, eight WHO grade II, and eight anaplastic ependymomas. In the adult series, there were three myxopapillary, ten WHO grade II, and no anaplastic ependymomas.
Immunohistochemistry results Figure 1 demonstrates representative staining characteristics of the TAAs in normal brain (negative control), normal ependyma, glioblastoma (positive control), and ependymomas. Figure 2 demonstrates representative staining characteristics of HLA Class I in ependymomas.
Staining results of all evaluated cases are listed in Table 1 and sorted by tumor grade in Table 2 . Negative staining is defined by the lack of staining or weak background staining that was not higher than the background signal observed in normal brain samples. Interestingly, normal ependymal lining stain positive for all TAAs. Partial or patchy expression of all four TAAs was noted in a large number of cases.
In the 19 pediatric cases, 18 (95 %) demonstrated positive staining for EphA2, 16 (84 %) exhibited positive staining for IL-13Ra2, 18 (95 %) were positive for Survivin, and only 7 (37 %) demonstrated staining for WT1. Overall, 16 of 19 cases were positive for three or more TAAs, one was positive for two, and two showed staining for only one of the antigens. In the 13 adult cases, all 13 demonstrated positive staining for EphA2, IL-13Ra2, and Survivin. Only 2 of 13 cases (15 %) demonstrated positive staining for WT1. Overall, all adult specimens were positive for three or more TAAs due to the fact that they were all positive for EphA2, IL-13Ra2, and Survivin.
No associations were identified between the levels of TAA expression and age, sex, tumor grade, tumor locations, or Mib-1 proliferation index.
Overall, 8 of 12 pediatric cases available for staining were positive for HLA Class I staining. Five of the eight positive cases were recurrences. Out of 13 adult cases available for staining, 10 had positive had immunoreactivity.
Discussion
In the current study, we investigated the expression of four TAAs (EphA2, IL-13Ra2, Survivin and WT1) in both pediatric and adult ependymomas. We sought to determine whether a cytotoxic T cell based vaccine targeting EphA2, IL-13Ra2, and Survivin, currently used in a pilot trial for newly diagnosed and recurrent gliomas could be utilized in patients with ependymomas. We were also interested in the expression of WT1 as a fourth target that could potentially be added to the aforementioned vaccine cocktail. We found that a majority of pediatric cases and all adult cases of ependymoma overexpressed EphA2, IL-13Ra2, and Survivin relative to normal brain tissue. In contrast, a substantially lower proportion of cases expressed WT1.
EphA2 is a tyrosine kinase receptor that plays a role in angiogenesis and focal adhesion in tumors [13] . An epitope EphA2 883-891 was shown by our group to elicit an HLA-A2-restricted cytotoxic T cell response against glioma cell lines [14] . In this study, EphA2 was found to be positive in 18 of 19 pediatric cases and all of the adult cases. These results corroborate previous work showing not only that this protein is highly expressed in pediatric [15] and adult gliomas [14, 16] , but that mRNA expression for EphA2 was detected in 7 of 7 cases of pediatric ependymoma [17] . Although EphA2 mRNA overexpression was found to correlate inversely with survival in a panel of 21 adult GBM cases [18] , the prognostic significance of EphA2 in ependymoma remains unknown. Nevertheless, the overall high expression of EphA2 in ependymoma and the tumor killing efficacy demonstrated in vitro by targeting a specific EphA2 epitope in glioma [14] make this TAA a promising target for immunotherapy in ependymoma.
IL-13Ra2 was similarly highly expressed in 16 of 19 pediatric and all cases of adult ependymoma. This is consistent with a previous study showing that mRNA for this protein was positive in the majority of cases previously evaluated [17] . Kawakami et al. [19] reported that 2 of 3 ependymoma samples expressed IL-13Ra2. All of our adult cases demonstrated positive expression of IL-13Ra2. With the overall high expression of IL-13Ra2 in ependymoma and our previous discovery of an analogue peptide of IL-13Ra2 that is more potent at eliciting an immune response against glioma cells than the native peptide [20] , IL-13Ra2 also appears to be a promising target for ependymoma immunotherapy. Furthermore, we have demonstrated the immunogenicity and safety of two peptides (IL-13Ra2-and EphA2-derived peptides) in our previous phase I/II study in adult patients with recurrent high-grade glioma [21] .
Survivin is an anti-apoptotic protein widely expressed in fetal tissues and is critical for the development of the normal embryo [22] . Survivin expression has been reported in many adult malignancies [23] and our group previously reported that Survivin was expressed in 16 of 27 pediatric glioma cases [15] . Its expression in intracranial ependymoma has been correlated with tumor cell proliferation and associated with poor patient outcome [24] . Although we were not able to evaluate this in the current study, nuclear expression of Survivin has been found to correlate with morphologic tumor grade in ependymomas and a loss of nuclear expression has been associated with progressive anaplasia [25] . Both positive cytoplasmic and nuclear staining were noted in our cases. In the current series, 18 of 19 pediatric and all the adult cases were positive for Survivin, which is in agreement with the study by Altura et al. [25] showing overall high expression of Survivin in ependymomas of various grades. Survivin, which has had multiple T cell epitopes identified [26, 27] , appears to be a third promising vaccine target in ependymomas. Interestingly, although it has been previously reported that normal ependyma can be strongly positive for Survivin, our study suggests that normal ependymal lining is also positive for EphA2, IL-13Ra2, and WT1 [25] . Reasons for positive immunoreactivity of TAAs in normal ependymal lining are still unclear. In the setting of normal ependymal tissue, Altura et al. reported positive expression of Survivin and theorized that its expression within the ependyma of normal human brain might be critical for the support of neural stem cell growth and contribute to cell-cell interactions within the subventricular zone and the ependymal layer [25, 28] . Expressions of these TAAs that are generally supportive of cellular survival may contribute in a similar manner to the ependyma's role in stem cell maintenance. In the context of immunotherapy, the majority of TAAs identified have been self-proteins and chemokine expression within tumors is necessary to induce the migration of T cells and antigen presenting cells to those sites and mediate anti-tumor responses (reviewed by Kaufmann et al. [29] ). The expression of TAAs in normal tissue, which lacks an inflammatory environment, would therefore be unlikely to attract tumor-specific effector cells.
Additionally, within the limit of our current experience in our glioma trial that utilizes EphA2, IL-13Ra2, and Survivin peptides, no immune responses outside of the target tissue have been noted.
Wilms' Tumor 1 is a zinc finger transcription factor that binds to GC-rich sequences and controls the expression of various growth factor genes [30] . It is expressed in many solid tumors [31] and various normal adult tissues [32] . In our series of ependymomas, WT1 was only positive in 7 of 19 pediatric and 2 of 13 adults cases, congruent with a report by Idowu et al. [33] showing WT1 positive staining in 4 of 10 cases and another report by Schittenhelm et al. [34] showing WT1 positivity in 6 of 14 adult myxopapillary ependymomas (grade I), 10 of 24 grade II ependymomas, and 8 of 9 anaplastic ependymomas (grade III). We had no anaplastic cases in our adult series, so we were unable to corroborate this finding. Hashiba et al. [35] also showed strong WT1 expression by immunohistochemistry in 3 of 4 anaplastic ependymomas (age of cases unknown). We did find a high percentage of pediatric anaplastic ependymomas (4 of 8, 50 %) positive for WT1 compared to grade I/II ependymomas (3/11, 27 %), although this was not statistically significant. Further studies are needed to determine whether a vaccine strategy targeting WT1 may be more applicable to high-grade ependymomas.
Out of all 32 cases of ependymomas, patchy or partial expression was noted in 14 for EphA2, 9 for IL-13Ra2, 6 for Survivin, and 13 for WT1. This differential expression of TAAs may be due to the heterogeneous nature of the tumors or due to ''immuno-editing'', in which progressive lesions exhibit loss of specific antigens [36] . This provides further support for the strategy of targeting multiple TAAs for immunotherapy in ependymomas.
The recognition of tumor cells by cytotoxic T cells requires adequate antigen presentation via the peptide-MHC Class I complex. To investigate this, we further performed immunohistochemistry of the tumor tissues using a monoclonal antibody recognizing most of HLA-A. We chose this antibody because our vaccine strategy utilizes HLA-A2 restricted peptides. Similar to other brain tumors, such as glioblastoma and medulloblastoma, ependymomas can demonstrate a range of expression of HLA Class I molecules as determined by immunohistochemistry. This provides support for the use of an immunoadjuvant, such as imiquimod or poly-ICLC, which might act indirectly through interferon [37] to up-regulate the expression of HLA Class I [38, 39] and enhance cytotoxic T cell activity [40] . Encouragingly, in our pediatric glioma vaccine trial, which also utilizes a peptide plus adjuvant approach, we have observed immunological and radiological responses in some patients.
While immunohistochemistry provides relative expression of a specific protein, which may be subject to the binding specificities of particular antibodies, we chose antibodies reported in prior publications, to facilitate crossstudy comparisons [10, 15, 25] . Additionally, we have previously conducted a similar study in pediatric gliomas to translate findings from adult specimens, which became the basis of the ongoing pediatric trial [15] .
In conclusion, our study demonstrates frequent overexpression of EphA2, IL-13Ra2, and Survivin in both pediatric and adult ependymomas of all grades. Positive WT1 expression is detected in a minority of cases. A vaccine targeting EphA2, IL-13Ra2, and Survivin is currently being used in a clinical trial for astrocytomas, which incorporates immune response monitoring. Our findings in this study suggest that EphA2, IL-13Ra2, and Survivin may also be reasonable targets in peptide-based immunotherapy for ependymomas.
